The Afghan government has planned the project of Kabul New City (KNC) in order to deal with the rapid growth of existing capital city, Kabul. The area of KNC is 1.5 times of existing Kabul City. The location of this new city is on a desert area beside the existing Kabul, and it is also surrounded by some watersheds with steep slope topography. Due to these topographical reasons, KNC will suffer a water scarcity problem. This study investigates the feasibility of a rooftop rainwater harvesting system in KNC to relieve the water scarcity problem. The volume of water which could be harvested by the system is estimated with using 10 years rainfall data. The volume of non-potable water consumption is also estimated from the current water use in Kabul city. As a case study, the efficiency of the rooftop rainwater harvesting system is cleared for a primary school, some types of houses and commercial buildings. An appropriate size of the water harvesting tank is also discussed based on the balance between harvested water volume and non-potable water demand.
INTRODUCTION
Kabul is the capital city of Afghanistan, and the city is growing at 5th speed in the world. The current population of Kabul Metropolitan Area (KMA) is more than 4 million doubled from 1999 1) . This rapid growth is still continuing, and the population in 2025 will be 6.5 million 1) . Regarding this growth, the government has planned the project of Kabul New City (KNC). The area of KNC is about 740 km², which is 1.5 times of existing Kabul, and 1.5 million people will live in this new city. The project area is strategically located between Bagram Airbase and Kabul International Airport, in the north east of existing Kabul as shown in Fig.1 . KNC is surrounded by Khwaja Rawash, Safi, and Marko mountains 1) , and these watersheds with steep slope topography frequently lead a flood and a soil erosion in the rainy season. On the other hand, KNC area always suffers a water scarcity problem in dry season. The water scarcity is one of the serious problems that should be solved in KNC project.
There are no permanent water resources, including ground water, which supply enough water for KNC.
KNC will have to depend upon the external water resources far from KNC, and also have to save the water consumption by the use of rainwater.
This study investigates the feasibility of a rooftop rainwater harvesting system in KNC to deal with the water scarcity problem. The applicability of the rooftop rainwater harvesting system in Afghanistan is firstly investigated in this study based on 10 years daily rainfall data, from 2006 to 2015, which are newly opened for engineering researches.
KNC project is divided into three phases. This study focuses on the area of Parcel-2.6, block-1 in phase-1 as shown in Fig.1 . The total development area is 227 ha, and about 3,650 houses for 20,000 residents will be built in this area. The project of Parcel-2.6 will be finished until 2020. This study discusses the efficiency of the rooftop rainwater harvesting system for some types of buildings, residential houses, primary school and multi-floor buildings, which are planned in KNC project. Furthermore, this study discusses an appropriate size of the water harvesting tank for those buildings.
OUTLINES OF KABUL AREA
(1) Climate and rainfall on Kabul area Afghanistan has both arid and semi-arid climate, and Kabul City belongs to the semi-arid climate. An annual mean temperature is 12.1 °C, and an annual mean rainfall is also around 327 mm 1) . Ministry of Agriculture Irrigation and Livestock, MAIL, has been measuring the daily rainfall in Kabul area after the end of Civil War in Afghanistan. The locations of each rain gauge station are plotted in Fig.1 . The data from 2006 to 2015 at 6-stations are newly opened for engineering researches, and this study uses these 10 years daily rainfall data. Table 1 shows the maximum value of daily rainfall at 6 stations on every year. This table also includes the averaged value of annual rainfalls at 6 stations as "Total". The highest daily rainfall is 61mm at Darulaman in 2009. The maximum of the averaged annual rainfall is 510.1mm in 2009, and the minimum is 228.3mm in 2008. The average of annual rainfall on every year is 327.2mm, and this study refers this value as "averaged total rainfall". Fig.2 shows the daily rainfall in 2008 and 2009, and the average of the daily rainfall at 6 stations. The average of the daily rainfalls at 6 stations is referred as "averaged daily rainfall" in the following discussions. The precipitation concentrates in winter and spring, almost exclusively falling as snow, while it is very low humidity in summer. Spring is the wettest season through a year.
(2) Water supply conditions a) Serviced area and population
Afghan Urban Water Supply and Sewerage Corporation, AUWSSC, administrates the water services in Kabul and it has been grasping the statistics of the water services in Afghanistan by monitoring and direct interview survey. AUWSSC reported that the total number of beneficiaries who use public water was around one million which include public tap users and office ones 2).
As shown in Table 2 , there were 39,207 connections to the water service pipes at the end of 2009, where 37,714 were domestic users and 392 were public ones. The number of domestic users' connection differs from the number of families who connects to the water service pipe, because multiple families commonly share a single tap in Afghanistan.
b) Water supply rates
AUWSSC reported that 25% of customers have no water meters, and the water supply rate is different according to the users' area, pipe diameter and connection type. As shown in Table 3 , AUWSSC categorizes the tariff into four kinds of areas "non-urban area", "urban area", "non-urban commercial area" and "urban commercial area". The non-urban area and urban area have pipes connected to their residential area.
In addition to these categories, there are other connections such as public taps in public zone, but 
(3) Water consumption
According to the AUWSSC report 2) , a unit water consumption is estimated from 30 to 40 LCD in villas and traditional dwellings, where LCD means daily water consumption, Liter/Capita/Day. In the case of users living in flats, it is also estimated from 100 to 125 LCD including the non-potable water uses.
The water consumption from 30 to 40 LCD seems very low, because they use groundwater. The most of the wells are the inside of their houses, and their consumptions are not measured. Beside above conditions, it is assumed that around 3.1 million residents in Kabul have no access to the water service pipe, and no data are available for their unit consumption. In these conditions, Ministry of Rural Rehabilitation and Development, MRRD, roughly estimates that they use groundwater at 25 LCD.
ANALYSIS AND DISCUSSIONS
As a case study, this chapter evaluates the efficiency of the rooftop rainwater harvesting system for four types of houses planned in Parcel-2.6, block-1 area. In addition to this, the chapter also evaluates the efficiency of the system for a primary school and four types of multi-floor commercial buildings.
(1) Method of analysis
The volume of the harvested rainwater is determined by the following equation 3) . VR = (R × A× C/1000) (1) where VR (m 3 ) is the volume of the harvested rainwater, R (mm) is a rainfall intensity, A (m 2 ) is a rooftop area, and C is a runoff coefficient.
The runoff coefficient relates to the factors such as an evaporation and infiltration. This study employs the coefficient as 0.9, which has been used in the design of drainage system in KNC project 1) . The evaporation of the water in a rainwater harvesting tank should be considered depending on the configuration of the tank. The tank considered in this study has a cover, and the effect of the evaporation is neglected in the following discussions 3) . The efficiency of the rainwater harvesting system is evaluated with using the following equation 4) . (2) where SWR means a saved water rate, and PWD means the volume of non-potable water demand.
SWR(%) = 100 VR / PWD
This study considers that the harvested water is utilized only for the non-potable water uses, because Afghans do not accept the rainwater for potable uses due to the cost of the water disinfection and filtration. Based on the water consumption in Afghanistan and the research by C. Santos, et. al 5) , PWD in Eq. (2) is assumed as 58.8 LCD in this study. This value is nearly a half of the supposed total water use, 120 LCD, in KNC 6) .
(2) Water demand in KNC at 2025
The groundwater table is too deep to use in KNC area. Therefore, the residents will depend on some external water resources far from KNC. Each house will have a piped water connection which allows 120 LCD for potable water uses and non-potable ones 6) . Annual water demand at 2025 is estimated 105.2×10 6 m 3 including industrial uses. KNC project set three phases in order to deal with this water demand. In the first and second phase, the construction of Panjshir aquifer will be completed until 2021. In the third phase, Gulbahar or Salang dam will be constructed until 2025. The project supposes 0.91 US$/m 3 as a water rate in KNC.
(3) Water availability from rainwater harvesting
The potential of the rooftop rainwater harvesting system is examined at Parcel-2.6 block-1 based on 
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the averaged total rainfall, 327.2mm. In the evaluation of the rooftop rainwater harvesting system, this study supposes a household with 6 members. The water consumption is assumed as 120 LCD that includes the non-potable water uses, 58.8 LCD. Table 5 shows the volume of harvested rainwater, VR, saved water rate, SWR, and saved money by installing the system. The price of water in KNC is set as 0.92 US$/m 3 6) . In the analysis for Type-A with using the averaged total rainfall data, SWR is calculated as 95.3%, and the system saves 112.9 US$/year. Similarly in Type-D, SWR is estimated 34.2% and the system saves 40.5 US$/year. These estimations show the efficiency of the rooftop rainwater harvesting system for residential houses.
b) Case study for primary school
This study evaluates the efficiency of the system for a primary school that is planned in KNC project. The use of water in a toilet, which is the primary use of non-potable water in schools, is considered in this evaluation. The total number of students and staffs is 1, 193 , and the school has 13,000 m 2 roof area 7) . An average water use in toilet could be assumed as 16.8 LCD in schools 5) , and the water demand is estimated 7,315.5 m 3 /year. In the analysis with using averaged total rainfall, 327.2mm, VR is calculated as 3,828.24 m 3 /year, and SWR becomes 52.3%. Fig.3 shows the monthly change of VR in the case of the primary school, where VR is calculated with an averaged monthly rainfall data shown in Fig.4 . The monthly non-potable water demand is assumed 601.3m 3 . The volume of harvested water exceeds the non-potable water demand from January to April in rainy season, and the system seems work well in this period. While in dry season from May to December, the volume of harvested water is always under the water demand, and the system performance becomes lower. Fig.5 shows the cost of the water use in the case of the primary school. The cost of the total water use without the rooftop rainwater harvesting system is estimated as 6,638 US$/year. On the other hand, the system saves 3,522 US$/year by using the harvested 
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water for non-potable use. The use of the harvested water saves the cost of water 53.1% through a year. c) Case study for commercial buildings This study evaluates the potential of the rooftop rainwater harvesting system for four types of commercial buildings with multi-floor 7) . The harvested rainwater is supposed to be used for a garden irrigation around their plot areas. Table 6 shows the efficiency of the rainwater harvesting system in the case of four buildings. PWD is calculated from the following equation 8) .
PWD=ETL/IE×Ag×D (3)
where ETL is a landscape evapotranspiration, Ag is a garden area, IE is an irrigation efficiency, and D means the number of days in an irrigation period and a non-irrigation one.
IE is set as 0.85% 8) and ETL is read from KNC Greenery Master Plan Report 7) . Regarding the rainfall patterns, the different values of ETL, 8.123×10 In the case of Type-A building, VR is 83.8m 3 in the irrigation period, and is also 152.9m 3 in the non-irrigation period. PWD in the irrigation period is estimated as 24,941m 3 , and SWR becomes 0.34%. SWR in the non-irrigation period is also small even in other types of commercial buildings. This means that the rainwater harvesting system covers a small portion of the non-potable water demand both in irrigation and non-irrigation period.
(5) Estimation of required size of storage tank
The tank used for the rooftop rainwater harvesting system should be designed to minimize the cost and to maximize the volume of harevested water. a) Case study for primary school Table 7 shows the monthly change of VR and PDW in the case of the primary school which was discussed in the previous section. This table includes C.PDW and C.VR, where C.PDW and C.VR mean the cumulation of VR and PWD, respectively. The monthly non-potable water demand is 601.3 m 3 and VR is calculated with using the averaged monthly rainfall shown in Fig.4 . The column of C.VR-C.PWD means a surplus of water that could be used as the non-potable water. From this table, 216 m 3 is the maximum number in the column of C.VR-C.PWD, and this volume could be considered as the required size of the rainwater harvesting tank for this primary school.
In addition to this analysis, this study also calculated the required size of the tank with using averaged daily rainfall data shown in Fig.2 . The similar analysis was conducted, and the size of the tank was estimated 343.9 m 3 .
b) Case study for residential houses
The size of the rainwater harvesting tank for residential houses was estimated with using the averaged daily rainfall data shown in Fig.2. Fig.6 shows the daily changes of VR calculated for four types of residential houses. The figure also indicates the PWD, 352.8m 3 /day, for one family. From Type-A to Type-D, VR almost exceeds PWD in the rainy season. This means that the rainwater harvesting system will work well in rainy season. While in the 
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dry season, VR becomes lower than PWD, and system partially covers the non-potable water demand. Fig.7 shows the daily changes of C.VR and C.PWD for Type-A, B, C and Type-D. The maximum value of C.VR -C.PWD could be considered as the maximum tank size. In the case of Type-A house, the maximum number of C.VR -C.PWD is 44.2m 3 , and the size of the rainwater harvesting tank will be estimated as this volume. Similarly, in Type-B house, the size of the tank is estimated 9.2m 3 from the maximum number of C.VR -C.PWD.
On the other hand, C.VR of Type-C and Type-D houses are always under the C.PWD. Regarding the results in Fig.6 and Fig.7 , the size of the tank will becomes very small in Type-C and Type-D, and the system covers a small portion of non-potable water demand.
CONCLUSIONS
The applicability of the rooftop rainwater harvesting system in Afghanistan is firstly investigated in this study to deal with the water scarcity problem in KNC project. Based on 10 years daily rainfall data which were newly opened for engineering researches, the efficiency of the system was discussed for some types of buildings planned in the project area. This study also estimated the appropriate size of the rainwater harvesting tank.
In the analysis for four types of residential houses with using the averaged total rainfall data, this study confirmed that the rooftop rainwater harvesting system saves the volume of non-potable water demand in the range from 95.3% to 34.2% depending on the house type. In the case of a primary school, the system could save the cost of the water uses at 52.3%.
On the other hand, the system has a lower efficiency in the case of commercial buildings with multi-floors.
The size of the rainwater harvesting tank for a primary school was estimated as 216m 3 from the analysis on the averaged monthly rainfall data. In similar analysis on the averaged daily rainfall data, the size of the tank was estimated as 343.9m 3 . Regarding the plot area of the school, these volumes are considered to be an applicable size.
The tank size of the residential houses with relatively larger rooftop area, Type-A and Type-B, was estimated as 44.2m 3 and 9.2m 3 on the analysis with the averaged daily rainfall data. On the other hand, the tank size became very small in some types of houses with smaller rooftop area, though their SWR were seemingly better in the analysis on the averaged total rainfall.
